Vanilloids such as capsaicin have algesic properties and seem to mediate their effects via activation of the vanilloid receptor 1 (VR1), a ligand-gated ion channel highly expressed on primary nociceptors. Although blockade of capsaicin-induced VR1 activation has been demonstrated in vitro and in vivo with the antagonist capsazepine, efficacy in rat models of chronic pain has not been observed with this compound. Here, we describe the in vitro pharmacology of a highly potent VR1 antagonist, N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)tetrahydropyrazine-1(2H)-carbox-amide (BCTC). Similar to capsazepine, this compound inhibits capsaicin-induced activation of rat VR1 with an IC 50 value of 35 nM. Interestingly however, BCTC also potently inhibits acid-induced activation of rat VR1 (IC 50 value of 6.0 nM), whereas capsazepine is inactive. Similarly, in the rat skin-nerve preparation both BCTC and capsazepine block capsaicin-induced activation, whereas the response to acidification is inhibited by BCTC, but not by capsazepine. Specificity for VR1 was demonstrated against 63 other receptor, enzyme, transporter, and ion channel targets. BCTC was orally bioavailable in the rat, demonstrating a plasma half-life of ϳ1 h and significant penetration into the central nervous system. Thus, BCTC is a high potency, selective VR1 antagonist that, unlike capsazepine, has potent blocking effects on low pH-induced activation of rat VR1. These properties make it a more suitable candidate than capsazepine for testing the role played by VR1 in rat models of human disease.
Nociceptive neurons comprise the small-to-medium diameter, sparsely myelinated and unmyelinated subpopulation of primary afferent neurons (C-fibers) that function to transmit information about painful signals from the periphery to the central nervous system (CNS) (Dray, 1995; Furst, 1999) . These neurons directly respond to a variety of noxious stimuli, including heat, acid, and other chemical irritants. Nociceptors are characteristically activated by the vanilloid capsaicin, a pungent principle present in hot chili peppers (Simone et al., 1987; Park et al., 1995) . In humans, activation of nociceptors by capsaicin results in a sensation of burning pain (Simone et al., 1987; Park et al., 1995) .
Capsaicin seems to mediate its effects on nociceptive neurons through activation of a specific vanilloid receptor (Caterina et al., 1997; Szallasi et al., 1999) . Characterization of the first cloned vanilloid receptor, VR1, revealed that its tissue distribution is consistent with the native capsaicin receptor (Caterina et al., 1997; Tominaga et al., 1998) . VR1 is a member of the transient receptor potential ion channel family (for review, see Benham et al., 2002) . It functions as a ligand-gated nonselective cation channel activated by capsaicin, noxious heat (Ն42°C), low extracellular pH (Յ6.3) (Caterina et al., 1997; Tominaga et al., 1998; Hayes et al., 2000) , and endogenous chemical mediators of inflammation such as the cannabinoid anandamide and products of the lipoxygen-ase pathway (Piomelli, 2001) . Disruption of the VR1 receptor gene in mice causes reductions in both thermal nociception and thermal hyperalgesia (Caterina et al., 2000; Davis et al., 2000) . Together, these data suggest a role for VR1 as a molecular integrator of multiple pain-producing stimuli and suggest that this receptor may represent a useful target for the discovery of novel analgesics.
To date, several classes of compounds have been identified that have biological activity at VR1 (Jerman et al., 2000; Smart et al., 2001) . Structurally related vanilloid analogs of capsaicin include the agonist olvanil and the synthetic competitive antagonist capsazepine (Walpole et al., 1994) (Fig.  1) . As a class, the vanilloid compounds generally demonstrate poor metabolic and pharmacokinetic properties, undergoing extensive first-pass metabolism when dosed orally to rodents (Wehmeyer et al., 1990) . Compounds outside the vanilloid class also having activity at VR1 include the agonists resiniferatoxin and phorbol 12-phenylacetate 13-acetate 20-homovanillate, as well as the naturally occurring antagonist isovelleral. More recently, iodo-resiniferatoxin has been synthesized and characterized as a potent VR1 antagonist (Seabrook et al., 2002) . Although VR1 agonists have a wide range of potencies for VR1 activation (range of EC 50 values, 10 Ϫ9 -10 Ϫ5 M) (Jerman et al., 2000; Smart et al., 2001) , current antagonists exhibit moderate-to-high potencies at rat and human VR1 against capsaicin-mediated activation (range of IC 50 values, 10 Ϫ9 -10 Ϫ6 M), with capsazepine being the most well characterized to date (Jerman et al., 2000; McIntyre et al., 2001; Smart et al., 2001) . Interestingly, capsazepine exhibits species specificity in its ability to block human and rat VR1 activation by low pH (McIntyre et al., 2001) . Although robust activity is seen against low pH-induced activation of human VR1, capsazepine is unable to block this mode of activation for rat VR1 (McIntyre et al., 2001) . Additionally, although iodo-resiniferatoxin blocks both capsaicin and low pH-mediated activation of rat VR1 in vitro, intraplantar administration was unable to block capsaicin-induced paw flinching in rat (Seabrook et al., 2002) , suggesting poor availability to native VR1 even with local administration. Collectively, the combination of modest potency, poor pharmacokinetic properties, and/or the lack of efficacy against low pH activation of rat VR1 have hindered the interpretation of data from in vivo testing of currently available VR1 antagonists in rat pain models.
Here, we report the characterization of a highly potent VR1 antagonist N- (4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl) tetrahydropyrazine-1(2H)-carbox-amide (BCTC) (Fig. 1) . We show that BCTC has pharmacological and pharmacokinetic properties that should make it a useful tool for exploring the role of vanilloid receptors in rat models of chronic pain and other disease states.
Materials and Methods
Rat VR1 Cloning. Rat total RNA was prepared from P4-P6 rat dorsal root ganglion using Tri reagent (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's recommendation. Reverse transcription (RT) was conducted on 1.0 g of total RNA using Thermoscript reverse transcriptase (Invitrogen, Carlsbad, CA) and oligo dT primers as detailed in the product description. RT reactions were incubated for 1 h at 55°C, heat inactivated for 5 min at 85°C, and RNase H-treated for 20 min at 37°C.
Rat VR1 primers were designed to the published sequence (Caterina, accession no. AAC53398): forward primer, GTCCAAGGCACT-TGCTCCATT; and reverse primer, GTGTCCAAGTAGAGATTTGC-CATTC. The polymerase chain reaction (PCR) was performed on one tenth of the RT reaction using Expand Long Template Polymerase and Expand buffer 2 in 50-l reactions according to the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN). After denaturation for 2 min at 94°C, PCR amplification was performed for 25 cycles of 94°C for 15 s, 58°C for 30 s, and 68°C for 3 min. A final incubation at 72°C for 7 min completed the amplification. A PCR product of ϳ2.8 kilobases was gel isolated from a 1.0% agarose Tris-acetate gel containing 1.6 g/ml crystal violet and purified with a SNAP UV-free gel purification kit (Invitrogen). The PCR product was cloned into the pIND/V5-His-TOPO vector (Invitrogen) according to the manufacturer's instructions. DNA preparations, restriction enzyme digestions, and preliminary DNA sequencing were performed according to standard protocols (Sambrook et al., 1989) . Full-length sequencing was performed by MWG, Inc. (High Point, NC) and confirmed the identity of rat VR1 (data not shown).
Generation of Inducible Cell Lines. Unless noted otherwise, cell culture reagents were purchased from Invitrogen (Carlsbad, CA). HEK293-EcR cells expressing the ecdysone receptor (Invitrogen) were cultured in growth medium (Dulbecco's modified Eagle's medium containing 10% fetal bovine serum) (Hyclone Laboratories, Logan, UT), 1ϫ penicillin/streptomycin, 1ϫ glutamine, 1 mM sodium pyruvate, and 400 g/ml Zeocin. The rat VR1-pIND construct was transfected into the HEK293-EcR cell line using FuGENE transfection reagent (Roche Diagnostics, Basel, Switzerland). After 48 h, cells were transferred to selection medium (growth medium containing 300 g/ml G418). Approximately 3 weeks later, individual Zeocin/G418-resistant colonies were isolated and expanded. To identify functional clones, multiple colonies were plated into 96-well plates and expression induced for 48 h with selection medium supplemented with 5 M ponasterone A. On the day of testing, cells were loaded with the calcium-sensitive dye Fluo-4 AM (Molecular Probes, Eugene, OR) and capsaicin-mediated calcium influx measured with a fluorometric imaging plate reader (FLIPR, Molecular Devices Corp., Sunnyvale, CA) (see below for assay details). Functional clones were retested, expanded, and cryopreserved.
Capsaicin-Based Calcium Influx Assay. A resistant clonal rat VR1 cell line was maintained in flasks using selection medium to yield cell numbers suitable for experimentation. To induce transient expression of the VR1 gene, media were changed to selection medium supplemented with 5 M ponasterone A. Inductions were initiated on day 0 at the time of replating into poly-D-lysine-coated 96-well black dishes (BD Biosciences, Franklin Lakes, NJ) for assay. Experiments were conducted after no further cell manipulations on days 2, 3, or 4. Cells were seeded using the following densities: 25,000, at ASPET Journals on July 7, 2017 jpet.aspetjournals.org Downloaded from 50,000, or 75,000 cells/well for use on days 4, 3, or 2, respectively. On the day of experiment, plates were washed with 0.2 ml of 1ϫ Hanks' balanced salt solution containing 1.6 mM CaCl 2 and 20 mM HEPES, pH 7.4 (wash buffer) and loaded using 0.1 ml of wash buffer containing Fluo-4 AM (3 M final). After 1 h, cells were washed twice with 0.2 ml of wash buffer and resuspended to a final volume of 0.1 ml of wash buffer. Plates were transferred to the FLIPR for assay. For competition curves, 0.05 ml of compounds prepared as 4ϫ stock serial dilutions in wash buffer were transferred by the FLIPR to the cell plates to yield final concentrations in the range of 100 M to 17 pM. Cellular responses elicited upon compound addition were monitored for 2 min. Capsaicin agonist buffer (0.05 ml of 400 nM capsaicin diluted in wash buffer) was then added to each well and plate responses monitored for an additional 1.5 min. The final dimethyl sulfoxide concentration in the assay was 1.0%. Each data point represents the response from one well analyzed using the Max-Min statistic from the FLIPR software in the time interval immediately preceding and 1 min after capsaicin agonist buffer addition (i.e., peak height was used as a measure of response and is measured in fluorescent counts). Each assay plate contained eight wells of positive controls that received capsaicin agonist buffer in the absence of antagonist, and eight wells of negative controls that received wash buffer only. To allow comparison of independent experiments conducted on multiple plates and run on different days, data were normalized to percentage of control using the following equation: [Response] inhibitor is the average signal from duplicate wells receiving capsaicin agonist buffer in the presence of a designated concentration of inhibitor; [Response] background is the average signal from duplicate wells receiving capsaicin agonist buffer in the presence of a saturating concentration of BCTC (to define background; this value did not differ from the average of eight negative control wells run on the same plate, indicating that BCTC completely inhibits the capsaicin response); and [Response] positive is the average signal from eight positive control wells. These data analyses and normalizations were performed using Microsoft Excel 2000 and GraphPad Prism version 3.02 software (GraphPad Software, Inc., San Diego, CA). In Prism, curves were fit using a nonlinear regression of a one-site competition model.
Low Extracellular pH-Based Calcium Influx Assay. Assay plates were prepared and cells loaded/washed as described above. Afterwards, 0.05 ml of 1ϫ Hanks' balanced salt solution containing 3.5 mM CaCl 2 and 10 mM citrate, pH 7.4 (assay buffer), was added to each well. Plates were then transferred to the FLIPR for assay. Compounds diluted in assay buffer (0.05 ml of 4ϫ stock serial dilutions for competition curves, all prepared in assay buffer) were added to the cell plates and responses monitored for 2 min. Acid agonist buffer (0.1 ml) (1ϫ Hanks' balanced salt solution containing 3.5 mM CaCl 2 and 0.0125 N HCl) was then added to each well (yields pH 5.5 when mixed 1:1 with assay buffer) and plate responses monitored for an additional 1.5 min. The final dimethyl sulfoxide concentration in the assay was 1.0%. Each data point represents the response from one well analyzed using the Max-Min statistic from the FLIPR software in the time interval immediately preceding and 1 min after acid agonist buffer addition (i.e., peak height was used as a measure of response and is measured in fluorescent counts). Each assay plate contained eight wells of positive controls that received acid agonist buffer in the absence of antagonist, and eight wells of negative controls that received acid agonist buffer in the presence of excess BCTC (to define background; neutral pH wash buffer addition is not appropriate to define background in this assay format because Fluo-4 AM's affinity for calcium is sensitive to pH). To allow comparison of independent experiments conducted on multiple plates and run on different days, data were normalized to percentage of control using the following equation: [Response] inhibitor is the average signal from duplicate wells receiving acid agonist buffer in the presence of a designated concentration of inhibitor; [Response] background is the average signal from duplicate wells receiving acid agonist buffer in the presence of a saturating concentration of BCTC; and [Response] positive is the average signal from eight positive control wells. These data analyses and normalizations were performed using Microsoft Excel 2000 and GraphPad Prism as described above.
Skin-Nerve Electrophysiology. An isolated rat skin-nerve preparation was used to record from single unmyelinated primary afferent fibers, as described previously (Reeh, 1986; Steen et al., 1992) . The preparations were excised from 15 male adult SpragueDawley rats (Taconic Farms, Germantown, NY). The skin was superfused with carbogen (95% O 2 , 5% CO 2 )-saturated synthetic interstitial fluid (SIF). The temperature was thermostatically set at 32°C (Ϯ 0.5°C). The electrical signals were amplified (Neurolog; Digitimer Ltd., Hertfordshire, UK) and detected online (DAPSYS; Johns Hopkins University, Baltimore, MD). For each unit, the conduction velocity was measured and the mechanical (von Frey filament of 4.56 or 5.46 bar) and heat (temperature feedback-controlled radiant heat of 38°C on the corium side, corresponding to 46°C at the epidermal surface) sensitivity were tested. Only C-fiber polymodal nociceptor units that had conduction velocities of less than 1 m/s and responded to mechanical and thermal stimulation were included in the study. For heat and acid stimulation and application of drugs, a metal ring was used to isolate the receptive field. The fluid inside the ring was continuously bubbled with gas (carbogen or pure CO 2 ). The acid stimulation was accomplished by applying a pure CO 2 -saturated SIF solution (pH 6.1) to the receptive field (Steen et al., 1992) . For the repetitive activation, capsaicin (0.5 M) was applied for 30 s at intervals of 30 min (Seno and Dray, 1993) . Capsaicin as well as capsazepine and BCTC were dissolved in dimethyl sulfoxide and diluted in prewarmed (38°C) and carbogen-saturated SIF solution. The final concentration of dimethyl sulfoxide was 0.1%.
-Opioid Receptor Functional Studies. Functional GTP␥[ 35 S] binding assays were conducted with recombinant -opioid receptors (PerkinElmer Life Sciences, Boston, MA) by sequentially mixing (on ice) the following reagents in the order shown to yield the indicated final concentrations: 0.026 g/l membrane protein, 10 g/ml saponin, 3 M GDP, and 0.20 nM GTP␥[
35 S] (PerkinElmer Life Sciences) to binding buffer (100 mM NaCl, 10 mM MgCl 2 , and 20 mM HEPES, pH 7.4). The prepared membrane solution (190 l/well) was transferred to 96-well polypropylene plates containing 10 l of 20ϫ concentrated serial dilutions of BCTC or [D-Ala 2 ,N-Me-Phe 4 ,Gly 5 -ol]-enkephalin prepared in dimethyl sulfoxide. Plates were incubated for 30 min at room temperature with shaking. Reactions were terminated by rapid filtration onto 96-well Unifilter GF/B filter plates (PerkinElmer Life Sciences) using a 96-well tissue harvester (Brandel, Inc., Gaithersburg, MD) followed by three filtration washes with 200 l of ice-cold wash buffer (10 mM NaH 2 PO 4 , 10 mM Na 2 HPO 4 , pH 7.4). Filter plates were subsequently dried at 50°C for 2 to 3 h. Fifty microliters per well of BetaScint scintillation cocktail (PerkinElmer Wallac, Turku, Finland) were added and plates counted in a Packard TopCount for 1 min/well.
In Vivo Pharmacokinetic Studies and CNS Permeability of BCTC. Jugular-cannulated male Sprague-Dawley rats (200 -300 g) (Taconic Farms) were fasted overnight before dosing. Four groups of rats (three per group) were dosed with BCTC under fasted conditions at 3, 10, and 40 mg/kg p.o. or 3 mg/kg i.v. using 25% hydroxypropyl-␤-cyclodextrin as vehicle. The dosage formulations were sonicated for 2.5 h before administration. Blood was collected predose and at the times indicated in Fig. 6 . One milliliter of blood was drawn at each time point and replaced with 1 ml of donor plasma. The collection tubes contained EDTA as an anti-coagulant. Plasma was separated by centrifugation and used for analysis. To study the CNS permeability of BCTC, three rats received a single 10 mg/kg i.p. administration of compound suspended in 20% hydroxypropyl-␤-cyclodextrin. Blood and brains were taken 1 h after drug administration and analyzed by separate bioanalytical methods. The ratio of BCTC concentration in blood (nanograms per milliliter) and brain
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Results
Characterization of the Inducible Rat VR1 Cell Line. Stable HEK293-EcR cell lines were engineered with an inducible rat VR1 expression vector using the ecdysone/ponasterone A system. Functional characterization of the inducible cell line was conducted after 48-to 96-h incubation with ponasterone A using a FLIPR. The induced VR1 cell line showed robust calcium signals (range, 13,000 -31,000 counts) in response to increasing concentrations of capsaicin [EC 50 value (mean Ϯ S.E.M.), 1.98 Ϯ 0.05 nM; n ϭ 3) or pH 5.5. Importantly, capsaicin's potency and signal-to-background ratios (6 -10-fold for capsaicin activation; 4 -7-fold for pH 5.5 activation) were comparable on days 2, 3, and 4 after induction. In addition, differences in the maximum calcium signals were not correlated to the length of ponasterone A induction. Un-induced cells showed diminished calcium influx in response to capsaicin [ϳ20% of the response measured using induced cells stimulated with 3 M capsaicin (maximal signal range, 1527-7671 counts)] or pH 5.5 buffer [ϳ25% of the response measured using induced cells (signal range, 1466 -7545 counts)], indicating low expression levels of functional rat VR1 in the absence of ponasterone A. Additionally, untransfected HEK293 cells showed no response with up to 3 M capsaicin, whereas pH 5.5 caused small and variable calcium signals (signal range, 670-5471 counts). These data indicate the absence of endogenous VR1 in this cell line and suggest potential minor contributions from endogenous acidsensing ion channels (ASICs) to the pH 5.5 response.
In Vitro Pharmacological Characterization of BCTC. The ability of BCTC to inhibit channel activation in response to 100 nM capsaicin was investigated for the rat VR1 ( Fig.  2A) . BCTC potently and dose dependently inhibited capsaicin-induced calcium influx with an IC 50 value (mean Ϯ S.E.M.) of 34.9 Ϯ 19.4 nM (n ϭ 6). In this assay, BCTC was Ͼ100-fold more potent than the classic VR1 antagonist capsazepine, which demonstrated an IC 50 value (mean Ϯ S.E.M.) of 3893 Ϯ 1118 nM (n ϭ 4).
To determine whether BCTC competitively inhibits capsaicin binding to rat VR1, dose-response curves for capsaicin were generated in the absence or presence of BCTC (3, 30, and 300 nM) (data not shown). Preincubation of VR1-expressing HEK cells with increasing concentrations of BCTC caused progressive rightward shifts in the capsaicin doseresponse curve, with no effect on capsaicin's maximal efficacy. Analysis of these data by Schild regression (Arunlakshana and Schild, 1959) estimated a K b of 0.69 Ϯ 0.36 nM with a slope factor of 1.08 Ϯ 0.14 (r 2 ϭ 0.95 Ϯ 0.02). These data indicate that BCTC competitively interacts with capsaicin for binding to the rat VR1.
The ability of BCTC to inhibit acid-induced VR1 activation was also demonstrated (Fig. 2B) . Calcium influx in response to a change in extracellular pH from 7.4 to 5.5 was monitored in the absence and presence of increasing concentrations of BCTC and capsazepine. BCTC potently and dose dependently inhibited receptor activation with an IC 50 value (mean Ϯ S.E.M.) of 6.0 Ϯ 3.2 nM (n ϭ 3). Interestingly, no activity was observed with capsazepine in this assay at doses up to 100 M. These data are consistent with recent reports demonstrating a similar pharmacological profile for capsazepine (McIntyre et al., 2001; Walker et al., 2003) . In addition, BCTC had no effect on calcium influx in response to pH 5.5 in untransfected HEK293 cells (signal range, 308 -5283 counts), indicating a lack of activity against endogenously expressed ASICs (data not shown).
We also evaluated the ability of BCTC to inhibit calcium influx in response to the calcium ionophore ionomycin using IMR-32 neuroblastoma cells (data not shown). No inhibitory effect was seen on the calcium signals at doses up to 10 M BCTC, suggesting that its inhibitory effects on calcium influx are specific for VR1. Fig. 2 . Inhibition of capsaicin-and low pH-induced activation of rat VR1. HEK293 cells stably carrying the rat VR1 were induced with ponasterone A and assayed on a FLIPR as described under Materials and Methods. Cells were incubated for 2 min with increasing concentrations of BCTC or capsazepine as indicated, followed by the addition of either 100 nM capsaicin (A) or acidic buffer to yield a final pH of 5.5 (B). FLIPR data were quantified using the Max-Min statistic from the FLIPR software in the time interval immediately preceding and 1 min after agonist (capsaicin or pH 5.5) addition and have been normalized as described under Materials and Methods. Each point on the graph is the mean Ϯ S.E.M. of three independent experiments with duplicate wells on each plate, except for the capsazepine data in B, which represents two independent experiments with duplicate wells on each plate. 
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Pharmacological Characterization of BCTC in Isolated Rat Skin-Nerve Preparation. Recordings were made from a total of 49 polymodal nociceptors with conduction velocities in the C-fiber range (0.3-0.8 m/s). Capsaicin (0.5 M) responses were seen in eight of the 24 units tested. A 30-s exposure to 0.5 M capsaicin caused no significant tachyphylaxis upon repetitive applications ( Fig. 3; Table 1 ). This capsaicin-mediated activation was completely blocked by either 10 M capsazepine ( Fig. 3A; Table 1 ) or 300 nM BCTC ( Fig. 3B; Table 1 ). In addition, the inhibitory effects of both compounds could be washed out. Thus, like capsazepine, BCTC blocks capsaicin-induced activation of native vanilloid receptors expressed in the peripheral terminals of primary nociceptive neurons.
Of the other 25 units tested, 13 responded to acidic pH (6.1). Low pH-induced activation was not affected by 10 M capsazepine ( Fig. 4A ; Table 1 ). In contrast, 300 nM BCTC produced a partial but significant blockade of the pH response ( Fig. 4B ; Table 1 ). The capsaicin sensitivity for eight of these units (four within the capsazepine study and four within the BCTC study, including the two units presented in Fig. 4) was confirmed by the application of 10 M capsaicin to the receptive field at the end of each recording. These data verify that vanilloid receptors were expressed in the terminal of these acid-sensitive nociceptors. Thus, unlike capsazepine, BCTC can block acid-induced nociceptor activation. In addition, one unit was tested with BCTC and capsazepine in the same recording. Although the acid activation was markedly suppressed by the first BCTC application, it remained unchanged during the subsequent capsazepine treatment (data not shown). Therefore, it is unlikely that the pharmacological differences between capsazepine and BCTC are due to the lack of vanilloid receptor expression on the nociceptors tested with capsazepine.
Pharmacological Specificity of BCTC. In studies performed by NovaScreen, no binding inhibition was observed with BCTC (10 M) in 62 of the radioligand displacement assays used to assess selectivity against major ion channel, receptor, enzyme, and transporter sites (Table 2 ). However, activity was observed in one assay: a nonselective rat forebrain opioid receptor-binding assay using [ 3 H]naloxone (ϳ86% inhibition). Follow-up dose-displacement radioligand binding assays conducted at NovaScreen indicated no activity at recombinant -or ␦-opioid receptors (up to 100 M BCTC), but low micromolar activity against the recombinant -opioid receptor (K i ϭ 0.95 M; data not shown). Importantly, in vitro functional studies demonstrated no -agonist activity at doses up to 100 M BCTC in a GTP␥[ 35 S] assay (Fig. 5) .
In Vivo Pharmacokinetic Profile of BCTC. BCTC was administered to rats to examine its pharmacokinetic profile (Fig. 6) . Mean BCTC plasma concentrations were determined In Vitro Characterization of BCTC, a Novel VR1 Antagonist 381 at ASPET Journals on July 7, 2017 jpet.aspetjournals.org after a single 3 mg/kg intravenous dose (Fig. 6A) . Two experiments were used to calculate a plasma half-life for BCTC of 0.85 Ϯ 0.07 h with a clearance of 5.1 Ϯ 0.71 l/h/kg (values given are mean Ϯ S.D.). In addition, the volume of distribution was 5.95 Ϯ 0.21 l/kg, suggesting significant accessibility to peripheral compartments. BCTC plasma concentrations were also measured after single-dose oral administration of 3, 10, and 40 mg/kg (Fig. 6B) . Although low, but measurable, plasma concentrations were seen with 3 mg/kg BCTC, significant levels were measured after 10-and 40-mg/kg dosing. The 40-mg/kg dose provided sufficient, sustained plasma concentrations (maximum 1116 Ϯ 271 ng/ml), allowing accurate calculation of bioavailability as a dose-adjusted ratio of BCTC's area under the curve after i.v. and p.o. administration; the bioavailability was calculated to be 10.3 Ϯ 6.8%. Last, penetration of BCTC into the CNS was determined 1 h after a single 10 mg/kg i.p. dose of BCTC (plasma concentration, 558 Ϯ 111 ng/ml; brain concentration, 740 Ϯ 88 ng/g tissue). The blood-to-brain ratio was calculated at 1.37 Ϯ 0.37 (n ϭ 3), indicating that BCTC readily permeates the CNS.
Discussion
In the present article, we compare the in vitro and ex vivo pharmacological properties of BCTC to the classic VR1 antagonist capsazepine. Although previous studies have demonstrated capsazepine's ability to inhibit capsaicin-mediated VR1 activation, it has thus far demonstrated limited efficacy in rodent pain models . The pharmacological and pharmacokinetic profiles of BCTC presented here underscore its potential as an improved tool for further exploring the physiological role(s) played by VR1.
We first investigated BCTC's ability to inhibit capsaicinmediated activation of rat VR1. In FLIPR-based assays, BCTC was a potent antagonist of VR1 (IC 50 of ϳ35 nM against 100 nM capsaicin), exhibiting ϳ112-fold higher potency than capsazepine (Fig. 2) . The absolute IC 50 measured for capsazepine was significantly higher (3-to 100-fold) than reported previously (Szallasi et al., 1999; Jerman et al., 2000; McIntyre et al., 2001) . The reason for the reduced potency in our assay is unclear but may reflect differences in cellular backgrounds and assay conditions. Similar to capsazepine (Caterina et al., 1997; Jerman et al., 2000; Smart et al., 2001) , BCTC interacts competitively at the capsaicin site of VR1 as demonstrated by concentration-dependent, parallel rightward shifts in capsaicin dose-response curves. The calculated K b values from Schild regression of these curves was ϳ0.7 nM. The corresponding K i value, calculated from concentration-inhibition curves (Cheng and Prusoff, 1973) , was also ϳ0.7 nM, consistent with the high potency measured by Schild analysis. Thus, BCTC represents one of the most potent VR1 antagonists of capsaicin-mediated channel activation reported to date.
The ability of BCTC to competitively interact at the capsaicin binding site of VR1 is not unexpected based on structural similarities to capsaicin and capsazepine (Fig. 1) . The urea, thiourea, and amide moieties of BCTC, capsazepine, and capsaicin, respectively, link a relatively polar aromatic head group with a more hydrophobic tail group. Additionally, the nitrogen atom of BCTC's pyridyl ring may mimic one of the hydroxyl groups of capsazepine and capsaicin, which are predicted to participate in hydrogen bond interactions (Walpole et al., 1993) . Interestingly, both BCTC and capsazepine are conformationally constrained, rendering them more rigid compared with capsaicin (Walpole et al., 1994) . The implications of this property are currently unknown, but may be a common feature of antagonists acting at this site.
We next investigated BCTC's ability to block low pH-mediated VR1 activation. In FLIPR-based assays, BCTC blocked rat VR1 activation by pH 5.5 with high potency, similar to results in the capsaicin assay (Fig. 2) . This contrasts sharply with the previously reported in vitro profile of capsazepine, which does not block low pH-mediated activation of rat VR1 (McIntyre et al., 2001) . Similarly, in our assay capsazepine did not block acid-induced activation of rat VR1 Fig. 4 . Acidic pH-induced activation of C-fiber polymodal nociceptors in the isolated rat skin-nerve preparation. The data from two separate single C-fiber nociceptors is presented. CO 2 -saturated SIF solution (pH 6.1) activated both nociceptors. The acidic solution was applied to each unit using four cycles of a 5-min stimulation with a 10-min interval between each cycle. The activation terminated quickly upon washout of acidic solution. No tachyphylaxis was seen in two repetitive applications (applications a and b). Drugs were applied for 5 min before and during the test stimulation. Ten micromolar capsazepine (CPZ) had no effect on the acidic pH response (A); however, 300 nM BCTC partially blocked low pH-induced activation (B). Recovery from blockade was seen upon washout of BCTC (application d). In addition, both fibers responded to 10 M capsaicin at the end of recording (data not shown), indicating that VR1 receptors are present in these acid-sensitive terminals. at concentrations up to 100 M. Although our data suggest that BCTC and capsazepine act at the same or overlapping sites on rat VR1 (the capsaicin binding site), the reasons for these pharmacological differences are unclear. Interspecies chimeric receptors and site-directed mutagenesis strategies will be necessary to investigate the amino acids responsible for agonist/antagonist interactions with VR1. Similar approaches have recently been used to map key residues responsible for conferring capsaicin sensitivity from rat VR1 to the vanilloid-insensitive chicken VR1 (Jordt and Julius, . These studies will ultimately provide insights into channel activation mechanisms and the differences in BCTC and capsazepine interactions. Although the mechanism of BCTC inhibition of low pHinduced channel activation was not investigated, similar experiments with capsazepine have demonstrated a noncompetitive interaction (McIntyre et al., 2001) . These data are supported by studies demonstrating that the capsaicin and proton binding sites of VR1 are distinct and use different activation mechanisms (Jung et al., 1999; Baumann and Martenson, 2000; Jordt et al., 2000; Welch et al., 2000) . As such, noncompetitive inhibition of low pH-induced VR1 activation would predict IC 50 values similar to the K i /K b values calculated in the capsaicin studies. Although the IC 50 value obtained from the low pH assay was ϳ6 nM, this is 8.5-fold higher than the K i /K b values. The reasons for these differences are unclear; however, similar phenomenon have been noted for capsazepine, where IC 50 values for inhibition of capsaicin-and low pH-induced activation of human VR1 were 39 and 210 nM, respectively (McIntyre et al., 2001) . It is possible that decreased extracellular pH alters affinity for VR1 by modification of the ligand charge state, or the charge state of the binding pocket. Additionally, the capsaicin-specific conformational changes that occur in VR1, but which are absent in response to proton activation (Welch et al., 2000) , may stabilize a high-affinity state for BCTC and capsazepine. Last, low extracellular pH may not directly open VR1 but may instead increase its affinity for an uncharacterized endogenous agonist which competes with BCTC and capsazepine for a common binding site, thus altering their apparent affinities (Benham et al., 2002) .
The pharmacological profile of BCTC was further characterized using an ex vivo rat skin-nerve preparation. Here, we directly examined the ability of BCTC to modulate nociceptor activation by capsaicin and low pH. Similar to capsazepine, BCTC completely blocked capsaicin-induced nociceptor activation, suggesting that it is also a potent antagonist of native VR1 expressed in peripheral terminals of rat cutaneous nociceptors (Fig. 3) . Capsazepine blockade of capsaicin-induced activation of C-fiber polymodal nociceptors has been reported previously in the same preparation (Seno and Dray, 1993) . However, the most striking feature revealed in our studies was that unlike capsazepine, BCTC partially inhibits (ϳ60%) low pH-induced nociceptor activation (Fig. 4) . Our findings are in-line with a previous study in which capsazepine failed to modulate low-pH nociceptor activation in isolated rat skin sensitized with an inflammatory cocktail (Habelt et al., 2000) . Moreover, in naïve rat dorsal root ganglion neurons, the similarity between acid-and capsaicin-evoked currents is well established (Bevan and Yeats, 1991) . Capsazepine fails to modulate the sustained inward current induced by acid in these preparations (Bevan et al., 1992; Vyklicky et al., 1998) , a phenomenon possibly due, at least in part, to its inability to block acid-induced rat VR1 activation.
Together, these data suggest that VR1 partially contributes to acid-induced nociceptor responses in the skin-nerve preparation. This is further supported by the ability of BCTC to block low pH-induced nociceptor activation in isolated preparations that are also capsaicin responsive. Although previous reports indicate that not all acid-activated nociceptors in these preparations are capsaicin responsive (Steen et al., 1992) , in our hands, all acid-responsive nociceptors that were tested for capsaicin sensitivity exhibited a robust re- sponse (ϳ62% of all units tested in low-pH assay). These data are further supported by studies with VR1 gene knockout mice from which small-diameter dorsal root ganglion neurons have lost their acid-gated responses (Caterina et al., 2000; Davis et al., 2000) . Because complete inhibition of nociceptor activation was never observed with BCTC, mechanisms other than VR1 are also involved. The remaining activity may be mediated by other members of the transient receptor potential ion channel and/or the ASICs families (for review, see Waldmann et al., 1999) . Future studies will be necessary to determine the relative contribution of these proteins to the acid sensitivity of DRG neurons. Irrespective of the mechanism, the pharmacological properties of BCTC in the ex vivo skin-nerve preparation correlate well with the in vitro profile, and suggest the potential for antihyperalgesic activity in conditions involving local tissue acidosis. In addition to the pharmacological profile highlighted above for capsazepine, investigations of the physiological role(s) played by VR1 in vivo have also been hampered by a general lack of antagonists with suitable pharmacokinetic profiles. For instance, isovelleral's metabolically labile structure predicts poor pharmacokinetic properties. Together with its low potency for blockade of capsaicin-induced VR1 activation, isovelleral represents a poor in vivo pharmacological tool. In contrast, the superior pharmacokinetic profile of BCTC demonstrated in rats (Fig. 6) , characterized by an ϳ1 h half-life, oral bioavailability resulting in high plasma concentrations, distribution roughly equivalent to the peripheral compartment volume, and equal partitioning into the CNS, all suggest a strong potential for in vivo utility. Moreover, rats attaining plasma concentrations of ϳ1 g/ml BCTC (ϳ3 M) revealed no aberrant clinical signs, suggesting a general lack of side effects for the target and compound, even at high doses.
Previous studies have shown that capsazepine is unable to reverse the hyperalgesia associated with inflammatory and neuropathic pain models in the rat, whereas robust activity has been demonstrated using similar models in the guinea pig . These results correlate with the finding that capsazepine is able to block acid-induced activation of guinea pig VR1 in vitro (Lou and Lundberg, 1992; Satoh et al., 1993; Fox et al., 1995; Savidge et al., 2002) , a property shared with human VR1 but absent from rat VR1 (McIntyre et al., 2001 ). Together, these data raise the possibility that blockade of VR1 responses activated by low pH, or dual blockade of capsaicin site and pH site-mediated responses, may be important for antihyperalgesic efficacy in vivo. Consistent with this hypothesis, in the accompanying article BCTC is shown to have robust antihyperalgesic properties in rat models of inflammatory and neuropathic pain (Pomonis et al., 2003) .
